Escherichia coli is not considered naturally competent, yet it has homologues of the genes that most competent bacteria use for DNA uptake and processing. In Haemophilus influenzae and Vibrio cholerae, these genes are regulated by the Sxy and cyclic AMP receptor (CRP) proteins. We used microarrays to find out whether similar regulation occurs in E. coli. Expression of sxy strongly induced 63 transcriptional units, 34 of which required CRP for transcriptional activation and had promoter sites resembling the Sxy-and CRPdependent CRP-S motif previously characterized in H. influenzae. As previously reported, sxy expression also induced the sigma-H regulon. Flagellar operons were downregulated by sxy expression, although motility remained unaffected. The CRP-S regulon included all of E. coli's known competence gene homologues, so we investigated Sxy's effect on competence-associated phenotypes. A sxy knockout reduced both "natural" plasmid transformation and competitive fitness in long-term culture. In addition, expression of plasmid-borne sxy led to production of type IV pilin, the main subunit of the DNA uptake machinery of most bacteria. Although H. influenzae Sxy only weakly activated the E. coli Sxy regulon, induction was dramatically improved when it was coexpressed with its cognate CRP, suggesting that intimate interactions between Sxy and CRP are required for transcriptional activation at CRP-S sites.
Natural competence is the genetically programmed ability of bacteria to actively take up DNA from their environment. Although several studies of Escherichia coli have identified conserved homologues of all genes required by most competent bacteria to take up DNA (12, 15, 22, 59) , researchers have for decades struggled to demonstrate that E. coli takes up and recombines chromosomal DNA, and introduction of plasmids into E. coli cells relies on artificial permeabilization by calcium chloride or on electroporation. Although more "natural" variants of these techniques have been reported (7, 8, 10, 82) , no competence genes have been implicated, and a recent study found that plasmid transformation of E. coli on agar plates does not require four putative competence genes whose homologues are essential for DNA uptake in other bacteria (70) .
Finkel and coworkers have, however, demonstrated that E. coli can use external DNA as its sole carbon source and that this requires homologues of the Haemophilus influenzae com operon, strongly suggesting that the products of these homologues can be used for DNA uptake (22, 48) . Moreover, although E. coli K-12 has all of the genes required for type IV pilus (T4P) biogenesis and function (whose products are essential for DNA uptake in most bacteria), T4P are not produced, and Sauvonnet et al. were unable to find conditions under which they are significantly expressed (59) . Both of these groups of workers have hypothesized that E. coli fails to express T4P and develop competence because it does not fully induce the necessary genes (48, 59, 71) .
In H. influenzae, the model organism for competence regulation in gram-negative bacteria, induction of competence genes requires two positive regulators of transcription, cyclic AMP (cAMP) receptor protein (CRP) and Sxy (56) . CRP is the master regulator of the carbon-energy starvation response, but it takes on a distinct role when Sxy is present, upregulating genes necessary for DNA uptake, transport, and processing, as well as other genes whose role in competence has not been determined experimentally (56) . Each promoter in the H. influenzae Sxy-CRP regulon contains a CRP-S site (termed "S" for Sxy-dependent), variant CRP-binding sites that match the canonical CRP consensus sequence except for two positions where nonconsensus bases hinder stable CRP-DNA interactions in the absence of Sxy (11) . Sxy is thus thought to enable CRP to activate transcription at these unusual binding sites, although its toxicity when it is overexpressed for purification has hindered attempts to characterize its exact mode of action (11, 35, 45, 56) .
Similar regulatory mechanisms are likely to exist in E. coli: in addition to its well-characterized crp gene, E. coli has a sxy orthologue (b0959, also known as yccR or tfoX) and has predicted CRP-S sites in 9 of the 12 transcriptional units that contain homologues of H. influenzae CRP-S genes (12) . Two of these sites have been shown to require both Sxy and CRP for activation (12) , but the other sites have not been examined. Because our previous work examined only homologues of H. influenzae CRP-S genes, additional E. coli CRP-S sites may exist either in genes not associated with competence or in genes not present in H. influenzae. Furthermore, although in H. influenzae Sxy acts only at CRP-S sites, we do not know the scope of its action in E. coli.
If Sxy is indeed required for transcription of E. coli's competence gene homologues, then a failure to induce sxy expression may explain why these genes were poorly expressed under any of the culture conditions tested by Sauvonnet et al. (59) and Palchevskiy and Finkel (48) . In H. influenzae, sxy expres-sion is limited by both transcriptional and posttranscriptional regulation (13) , but nothing is known about its regulation in E. coli. As described below, we have not been able to identify culture conditions that induce E. coli sxy. Consequently, we used artificially induced sxy to identify genes regulated by E. coli Sxy using whole-genome microarrays, and we analyzed promoters of member genes to find regulatory motifs. We then investigated the effect of sxy induction on competence-associated phenotypes and compared the activities of the H. influenzae and E. coli Sxy proteins.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. E. coli K-12 strain BW25113 (lacI q rrnB T14 ⌬lacZ WJ16 hsdR514 ⌬araBAD AH33 ⌬rhaBAD LD78 ) and its derivatives JW0942 (sxy::kan), JW3778 (cya::kan), JW5702 (crp::kan), and JW1908 (fliC::kan) were obtained from the Keio KO collection (4) . A spontaneous nalidixic acid-resistant (Nal r ) mutant of the parent strain was isolated by growth on increasing concentrations of the antibiotic and was used in batch culture competition assays and as the DNA source for chromosomal transformation assays. Plasmids pEcsxy and pEcppdD (Cm r ) were obtained from Genobase ASKA/GFP(-) (35) ; in both of these plasmids, the gene is cloned with an N-terminal six-His tag under control of the isopropyl-␤-D-1-thiogalactopyranoside (IPTG)-inducible T5-lac promoter. All E. coli strains were grown in LuriaBertani (LB) broth or agar (1.2%) or in liquid M9 minimal medium (6.78 g Na 2 HPO 4 , 3 g KH 2 PO 4 , 0.5 g NaCl, 1 g NH 4 Cl, 0.4% glucose) at 37°C. When required, antibiotics were used at the following concentrations: kanamycin, 10 g/ml; chloramphenicol, 20 g/ml; nalidixic acid, 20 g/ml; ampicillin, 100 g/ ml; and tetracycline, 10 g/ml.
To create plasmid pHisxy, the coding sequence of the H. influenzae sxy gene HI0601 (without the start and stop codons) was amplified from the genome of strain Rd KW20. Primer sequences are shown in Table S1 in the supplemental material. Plasmid pEcsxy was digested with SfiI, and the released E. coli sxy insert was replaced with the sxy gene from H. influenzae by ligation. A "no-insert" control plasmid, designated pnoins, was also created by religating the SfiIlinearized vector.
Plasmids pEccrp and pHicrp were constructed by PCR amplifying the predicted promoter region and coding sequence of the crp genes from the genomes of E. coli strain BW25113 and H. influenzae strain Rd KW20, respectively, and cloning them in the vector pACYC184 (Tet r ). The primer sequences are shown in Table S1 in the supplemental material.
Growth conditions for RNA preparation. (i) Monitoring sxy expression under different conditions. Samples of broth-and agar-grown bacteria were obtained after overnight culture by removing 2 ml liquid culture and by scraping bacteria from the agar and resuspending them in 2 ml phosphate-buffered saline (PBS), respectively. To obtain log-phase cells, an overnight culture was diluted 1:100 in LB broth and grown at 37°C, and 2-ml samples were removed after 1 h, 3 h, and 5 h of growth. To assay for sxy induction by nutrient limitation, cells from 10 ml of this culture at an optical density at 600 nm of 0.2 were collected on a nitrocellulose filter, washed with and resuspended in 10 ml M9 minimal medium, and grown at 37°C. Two-milliliter samples were removed from the LB medium culture (zero time) and after 100 and 200 min of incubation in M9 minimal medium.
(ii) Global gene expression analysis. Bacteria were grown in LB broth to an optical density at 600 nm of 0.5, when expression of cloned genes was induced by addition of 1 mM IPTG. After 30 min of expression, 2 ml of the bacterial culture was removed for each strain.
(iii) Reciprocal complementation experiments. The conditions used for the reciprocal complementation experiments were the same as those used for the global gene expression analysis except that the strain was the E. coli crp::kan strain carrying two plasmids, one with the E. coli or H. influenzae sxy gene (pEcsxy or pHisxy) and one with the E. coli or H. influenzae crp gene (pEccrp or pHicrp).
RNA sample preparation. Each sample was mixed with 2 volumes of RNAProtect bacterial reagent (Qiagen) and incubated at room temperature for 5 min to stabilize RNA. Cells were then pelleted by centrifugation for 5 min at 3,500 ϫ g, and total RNA was extracted using an RNeasy mini kit (Qiagen). DNA was removed by two successive treatments with Turbo DNase (Ambion Inc.). RNA purity was assessed by electrophoresis on 1% Tris-acetate-EDTA agarose, and concentrations were determined with a Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies, United States). The absence of DNA contamination in all samples was verified by PCR.
Microarray analysis and qPCR. E. coli 3x6K microarray slides were obtained from the Microarray and Proteomics Facility of the Department of Biological Sciences at the University of Alberta. The arrays contained all open reading frames from three E. coli genomes (K-12, O157:H7 EDL933, and O157:H7 Sakai genomes). The arrays were hybridized and washed using the instructions in the Corning epoxide-coated slides manual (http://www.corning.com/lifesciences/pdf /epoxide_coated_slides_ss.pdf). Test and control RNA samples (2 g) were labeled using Superscript II reverse transcriptase (Invitrogen) with Cy3-dCTP and Cy5-dCTP (Amersham), respectively. Samples were then mixed and purified using a MiniElute reaction cleanup kit (Qiagen). The hybridized arrays were scanned using a GenePix 4000B array scanner (Axon), and intensity fluorescence data were acquired using GenePix 6.0 (Molecular Devices). Expression data were analyzed using GeneSpring GX (Agilent). For each comparison, gene expression profiles from four independent microarray experiments were analyzed, using RNA samples from independent cultures. All data were filtered using Volcano plots with a P value cutoff of 0.1. The standard twofold-change cutoff was used for all arrays except the Ϯsxy arrays, where greater changes in gene expression allowed use of a more stringent fourfold-change cutoff. For confirmation of microarray data, quantitative PCR (qPCR) was performed as described by Cameron and Redfield (8, 12) ; one sxy-independent gene (murA) and two Sxy-induced genes (hofM and ppdD) were used as negative and positive controls, respectively. The number of 23S mRNA copies was also determined for each sample and used to correct for differences in the amount of RNA present. Primer sequences are shown in Table S1 in the supplemental material.
Promoter motif analysis. The promoter region DNA sequence (from Ϫ300 bp to the start codon of the first gene in each transcriptional unit, allowing overlap with upstream genes) was retrieved using RSATools (http://rsat.ccb.sickkids.ca/) (78) . The unbiased motif-finding programs Gibbs Recursive Sampler (73) and Meme (5) were used to detect overrepresented motifs in promoter regions; Gibbs Recursive Sampler (73) was run at http://bayesweb.wadsworth.org/cgi-bin /gibbs.12.pl?data_typeϭDNA, and Meme was run at http://meme.nbcr.net/meme /meme.html. Parameters were set to search for optimal motifs over a width range of 16 to 50 bp and to allow for promoters with multiple or no sites matching a motif. The background DNA sequence required for calculation of motif strength was always modeled from the input promoter sequences. Only DNA sites identified by both programs as matching a significant motif were included in the analysis presented here.
Protein sample preparation and immunoblotting. Whole-cell extracts were prepared by resuspending plate-grown bacteria or pelleted broth-grown bacteria in PBS, followed by lysis for 1 h at 55°C. Samples were separated by electrophoresis in a 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel and electrotransferred to a polyvinylidene difluoride membrane (Hybond). The membrane was then incubated first with polyclonal antiserum raised against a fusion of E. coli PpdD and MalE (kindly provided by Olivera Francetic, Institut Pasteur, Paris, France, and described in reference 60) and second with an alkaline phosphatase-conjugated anti-rabbit immunoglobulin G (Sigma) used at 1:2,000 and 1:10,000 dilutions, respectively. Bound antibodies were detected with 5-bromo-4-chloro-3-indolyl phosphate tablets (Sigma).
Transmission electron microscopy. Cell surface structures were visualized with an Hitachi H7600 transmission electron microscope. Samples were prepared essentially as described by Sinha et al. (64) , except that cells were fixed at 37°C for 15 min in 2.5% glutaraldehyde (prepared in 200 mM sodium cacodylate, pH 7.35). Briefly, grids were floated onto the bacterial suspension and transferred to droplets of PBS containing 1% bovine serum albumin (BSA) (PBS-BSA) and a 1:100 dilution of PpdD antiserum for 30 min, droplets of PBS-BSA for three times for 1 min, and droplets of PBS-BSA and a 1:20 dilution of gold-conjugated goat antiserum (Sigma) for 30 min. This was followed by three further PBS-BSA washes and then fixation in glutaraldehyde and counterstaining in uranyl acetate with two water washes between these procedures. For each sample, gold particles were counted in four independent areas of the grid adjusted to the same size, each with comparable numbers of cells.
Transformation assays. Transformation with plasmid pCR2.1-TOPO DNA (Invitrogen) (Amp r ) was performed as described by Baur et al. (8) . Briefly, bacteria were grown in broth to mid-log phase, washed and resuspended in 1 ml of 1 mM CaCl 2 , and incubated with 1 g/ml of plasmid DNA for 20 min at 4°C. Five hundred microliters of LB broth was added, and the cells were allowed to recover for 45 min at 37°C before plating. The same protocol was used for assays of transformation with chromosomal DNA, with 1 to 10 g/ml of DNA from the Nal r strain described above. Artificial transformation with plasmid pCR2.1-TOPO DNA was performed by electroporation (2.5 kV, 200 ⍀, 25 F) or by heat shock (42°C for 90 s). Chemically competent or electrocompetent cells were prepared as described elsewhere (58 Palchevskiy and Finkel (48) . Briefly, the strains were pregrown overnight in LB medium, diluted into tubes containing fresh LB medium (either singly or using equal numbers of CFU of each strain), and incubated at 37°C with gentle mixing.
Motility assay. Motility was assessed after 6 h of incubation on 0.4% LB agar, as described by Sinha et al. (65) . Bacteria were pregrown in LB medium, and 50-l portions of cells in LB media with and without 1 mM IPTG were spotted onto 2.5-cm filter disks.
RESULTS
sxy expression. We first sought to find natural conditions that induce E. coli sxy expression. Sauvonnet et al. indirectly investigated this in their search for treatments that could induce expression of the T4P pilin gene ppdD (59) . They tested a variety of conditions and treatments (e.g., temperature shift, anaerobic conditions, growth in minimal medium, treatment with known inducers of pathogenicity genes) but found that none of the conditions and treatments were effective. Since Sxy is the only known inducer of ppdD homologues in other bacteria (12) , one simple interpretation is that the conditions used failed to induce ppdD because they failed to induce sxy. We supplemented this analysis by testing whether E. coli sxy could be induced by a starvation shock like that used to induce H. influenzae sxy (27, 56) , using qPCR to directly measure sxy expression. As shown in Fig. 1 , transfer of exponentially growing E. coli cells to minimal medium M9 did not change sxy expression. In H. influenzae sxy expression varies with the growth state in rich medium (56), so we also monitored E. coli sxy expression in cells growing exponentially and after overnight culture in broth and on agar. The expression levels were consistently low and did not differ significantly between conditions ( Fig. 1) .
Since we could not identify conditions that substantially increased the expression of the chromosomal sxy gene, we instead used cells carrying sxy on an inducible plasmid (pEcsxy) to identify the genes that Sxy regulates. Addition of IPTG to these cells resulted in strong induction of sxy (200-fold increase in transcription after 30 min), and sodium dodecyl sulfatepolyacrylamide gel electrophoresis of protein extracts revealed an IPTG-induced band at 26 kDa, the expected size of Histagged Sxy protein (see Fig. S1A in the supplemental material). Longer incubation times with IPTG did not increase the amount of protein produced, but the growth of the culture slowed dramatically; smaller but still substantial decreases in the growth rate were also observed when sxy expression was induced with lower concentrations of IPTG (see Fig. S1B in the supplemental material). Other groups have reported such toxicity when E. coli sxy was expressed (35, 45) .
Changes in gene expression as a result of sxy overexpression. Sxy's only known activity in H. influenzae is the induction of the 13 CRP-S transcription units. To identify its activity in E. coli, we compared gene expression in cells carrying pEcsxy and in control cells carrying the empty plasmid vector (pnoins). For this comparison we used four microarrays with RNA samples from independent cultures. Induction of sxy caused 81 genes to be upregulated at least fourfold and 41 genes to be repressed at least fourfold. These 122 differentially expressed genes belong to the 86 putative transcriptional units (TUs) shown in Fig. 2A and listed in Table 1 . Their predicted functions and classifications according to the Clusters of Orthologous Groups of proteins (COG) database (72) are shown in Table  S2 in the supplemental material.
As a first step in characterizing the regulatory signals responding to sxy expression, we searched the promoter regions of the 86 TUs for significantly overrepresented motifs, using the unbiased-search algorithms Gibbs Recursive Sampler and Meme. The EcoCyc database (34) was also used to examine published regulatory information for each promoter. These analyses identified three distinct classes of TUs: 34 TUs with CRP-S sites, 14 TUs of the sigma-H ( 32 ) regulon, and 13 TUs of the FlhDC-FliA regulon. The remaining 21 TUs had no detected motif and no characterized regulator. Each class is discussed individually below. The protein-binding sites identified by motif searching are shown in Table 1 , and the corresponding sequence logos are shown in Fig. 3 .
(i) Genes with CRP-S sites. Unbiased searches of all upregulated promoters identified a 22-bp motif present in the promoters of 34 TUs (TUs 1 to 34 in Fig. 2 ; logos are shown in Fig. 3A ). This motif resembles the previously characterized H. influenzae CRP-S motif but has some distinct features that are discussed below. Two of the CRP-S sites that we found have been characterized previously in E. coli (ppdD and yrfD), and both are known to require CRP and Sxy for activation (12) . To test the CRP dependence of the other sites, we used additional microarrays to compare the effects of expressing sxy in the presence and in the absence of cAMP, CRP's essential cofactor (Fig. 2B) . Expression of 30 of the 34 TUs decreased at least twofold in the absence of cAMP (average decrease, 4.5-fold), confirming that the E. coli and H. influenzae CRP-S genes are similarly regulated. Two of the exceptions (ycaI and hofMNOPQ) were CRP dependent when they were retested using qPCR (Fig. 4A) . The other two, yfc1 and yhgA, encode predicted transposases and were not retested; their levels of induction by Sxy were 5-and 11-fold, respectively, and their levels of reduction in the absence of cAMP were about 1.5-fold.
The E. coli CRP-S regulon contains many more genes than its H. influenzae counterpart (64 genes versus 25 genes), and, not surprisingly, the predicted functions of the genes are much more diverse (see Table S2 in the supplemental material). Below we first consider the overlap between the E. coli and H. influenzae CRP-S regulons and then consider genes unique to the E. coli regulon.
Twenty of the 25 genes in the H. influenzae CRP-S regulon have homologues in E. coli (12) , and microarray and qPCR analyses showed that all but one of these genes (pppA) belong to the E. coli CRP-S regulon. Fifteen of the 20 genes belong to 7 of the 34 E. coli CRP-S TUs (Fig. 2) . qPCR showed that four of the remaining five genes (hofQ, dprA, gntX, and yicR) are also CRP-S regulated. Although the hofQ gene initially appeared to be highly expressed even in control cells, qPCR showed that it is Sxy induced and CRP dependent ( Fig. 4A and  4B ), so the array spots for this gene are likely to have been defective. Three other genes homologous to H. influenzae CRP-S genes (gntX, yicR, and dprA/smf) were not induced fourfold in our arrays but fit all the criteria: they have CRP-S sites (Table 1) , are Sxy induced either Ն3-fold in the microarray analysis (Table 1) or 10-fold as determined by qPCR (Fig.  4B) , and are at least Ն2-fold CRP dependent as determined by microarray analysis (not shown) or qPCR (Fig. 4A) . The only homologue of an H. influenzae CRP-S gene that is not part of the E. coli CRP-S regulon is the prepilin peptidase gene pppA. The expression of this gene was not detectably induced by Sxy in arrays or qPCR experiments (Fig. 4B ) and was independent of CRP (data not shown), consistent with the lack of a CRP-S site in its promoter.
The E. coli CRP-S regulon includes one other gene predicted to play a central role in both DNA uptake and T4P function: the pilT homologue yggR (TU 21). This gene, predicted to encode the pilus retraction ATPase, is not present in H. influenzae but is essential for DNA uptake in other competent bacteria (51, 60 Table 1 and Table S2 in the supplemental material for a description of each TU). The expression level for each TU is the mean of the expression levels for all genes in that TU. The shaded regions indicate the ranges for a twofold change in expression. The four classes of genes identified by motif searching are indicated. Homologues of H. influenzae CRP-S TUs are indicated by asterisks. coli CRP-S regulon include genes involved in genome maintenance (7 genes) and transcription (5 genes) and genes encoding transposases (6 genes) and toxin-antitoxin pairs (8 genes) ( Table 1) . Induction of these genes by sxy expression required cAMP-CRP (Fig. 2B) , consistent with the presence of CRP-S sites in their promoters ( Table 1 ). The presence of these genes in a single tightly controlled regulon suggests that they may contribute to fitness under conditions that encourage DNA uptake.
(ii) Genes of the sigma-32 ( H ) regulon. Motif searching identified 32 -binding sites in the promoters of 14 Sxy-induced genes (Table 1 and Fig. 3B ). The 32 regulon responds to the accumulation of improperly folded proteins in the cytoplasm (28) , so its induction is likely to be a response to the toxic effects of Sxy accumulation in the cytoplasm. The overexpression of toxic proteins is known to induce the 32 response (25, 47, 50) , and a screen for proteins that induced this response when they were overexpressed repeatedly identified Sxy (45) . Examination of all 124 previously reported members of the 32 regulon (45) showed that most genes were induced at least twofold (mean induction, 2.6-fold) (Fig. 5A) . In contrast, no change was seen in the E and CpxR stress regulons, which respond to misfolded proteins in the periplasm and cell envelope (Fig. 5A) . If induction of the 32 regulon resulted from Sxy's action at CRP-S promoters, induction of 32 genes would be expected to depend on CRP. However, the absence of cAMP-CRP did not change expression of the Sxy-induced 32 genes (TUs 35 to 50 in Fig. 2B ) or of all members of the 32 regulon (data not shown), suggesting that induction of this regulon is a response to Sxy's presence rather than to its biological activity.
(iii) Genes of the flagellar-chemotaxis regulon. Seventeen of the 22 TUs that showed decreased expression upon sxy expression are known members of the flagellar regulon (TUs 51 to 67 in Fig. 2) , which is tightly controlled by the transcriptional activator FlhDC and the factor FliA (38) . Consistent with this, motif searching identified FliA sites in 13 of these 17 promoters (Fig. 3C and Table 1 ); similar sites have been described in the remaining four promoters (49, 53, 68) . Expression of flhD and flhC was unchanged in our array experiments, but most of the other genes in the FlhDC regulon were repressed by sxy expression (Fig. 5B) . Absence of cAMP-CRP did not affect expression of these 22 TUs (Fig. 2B) , suggesting that downregulation of the flagellar regulon by Sxy is indirect. Consistent with this interpretation, the 32 -induced Lon protease is known to degrade the FlhDC regulator (14, 62, 63) .
(iv) Other genes. Nineteen other TUs showed at least fourfold changes in expression with sxy induction; the expression of 14 genes increased, and the expression of 5 genes decreased (TUs 68 to 86 in Fig. 2) . None of these TUs had identifiable promoter motifs, and they showed various degrees of dependence on CRP (Fig. 2B) . They have no discernible relationship to each other or to other groups described above, and the significance of their regulation by Sxy is unclear.
Phenotypic correlates of changes in gene expression. We began this work with the hypothesis that Sxy is needed for transcription of E. coli's competence gene homologues. In other bacteria, the products of these genes have established roles either in DNA uptake and processing (HofMNOP, YifB, DprA, YbaV, YcaI, and GntX) or in biogenesis of the T4P machinery required for DNA uptake (PpdD-HofB-HofC, HofQ, YggR, and PpdA-PpdB-YdgB-PpdC) ( Table 2 ). Although most of their functions have not been characterized in E. coli, some of these genes have demonstrated roles in T4P production or are required by E. coli for use of DNA as a carbon source (Table 2) . Because our microarray analysis showed that these genes are all in the Sxy-induced CRP-S regulon, we examined the role of Sxy in competence-related functions.
(i) sxy expression enables pilin production. Athough E. coli K-12 has homologues of all T4P biogenesis genes, it does not express pilin and does not produce T4P fibers even when pilin is artificially expressed from a plasmid (40) . As our experiments showed that all T4P biogenesis genes except pppA are induced by Sxy and CRP, we tested whether cells expressing sxy can produce T4P.
Western blotting first confirmed that cells expressing sxy produce pilin. A strain carrying a cloned IPTG-inducible copy of the ppdD gene (pEcppdD) was used as a positive control (17.5-kDa His-tagged protein) (Fig. 6A, lane 1) . A single band that was the expected size of processed pilin (15 kDa) was detected in cells expressing E. coli sxy (Fig. 6A, lane 3) . As expected, this was dependent on the presence of active CRP (Fig. 6, lane 5) . No unprocessed pilin band was seen, confirming that prepilin peptidase was active and suggesting that basal expression of the pppA and/or gspD peptidase gene is sufficient for prepilin processing (neither gene was induced by Sxy). As has been previously reported (40) , no pilin was detected in the parent strain (Fig. 6A, lane 6) .
To determine whether the pilin could be assembled into fibers, the surfaces of cells carrying pEcsxy or the empty vector control were incubated with PpdD antiserum and examined by transmission electron microscopy. No T4P were seen, suggesting that expression of the predicted T4P biogenesis genes is not sufficient for T4P production. It may be that one or more of these genes encode nonfunctional proteins, that other unidentified components are missing or not expressed, or that artificial sxy induction leads to abnormally high levels of T4P proteins which the cell is unable to process efficiently. Cells expressing sxy had almost twice as many gold particles on their surfaces as control cells (pEcsxy, 112 Ϯ 24 particles per 10 m 2 ; pnoins, 60 Ϯ 3 particles per 10 m 2 ; ppdD::kan, 43 Ϯ 6 particles per 10 m 2 ), suggesting that some pilin was excreted from induced cells even though fibers were not assembled.
(ii) Sxy is required for plasmid transformation. In H. influenzae, Sxy is essential for natural competence; a strain lacking sxy is not transformable, and mutations that upregulate sxy make competence constitutive (13, 55, 85) . In E. coli, we could not test whether inducing plasmid-borne sxy allows transformation because long-term overexpression of sxy is toxic. We also could not test whether knocking out the chromosomal sxy gene abolishes transformation with linear chromosomal DNA, because wild-type cells cannot be detectably transformed (data not shown). We instead investigated whether the chromosomal copy of sxy contributes to transformation with plasmid DNA, 
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Sxy IN E. COLI 5187 using the "natural plasmid transformation" procedure of Baur et al. (8) . Transformation of wild-type cells with Amp r plasmid DNA in 1 mM CaCl 2 gave a transformation frequency of 9.1 ϫ 10 Ϫ8 Ϯ 1.5 ϫ 10 Ϫ8 (41, 37, and 29 transformant colonies from 1 ml in three independent experiments). These values are similar to the transformation frequencies (10 Ϫ8 to 10 Ϫ7 ) reported by by Baur et al. (8) for this concentration of CaCl 2 . In contrast, transforming equal numbers of cells lacking Sxy (sxy::kan) gave no transformants in any experiment (limit of detection, 2.3 ϫ 10 Ϫ9 CFU/ml). This very significant difference (P ϭ 0.001) was not due to poor growth of the mutant, as the two strains had comparable doubling times and viable counts (parent, 3.9 ϫ 10 8 Ϯ 1.0 ϫ 10 7 CFU/ml; sxy::kan strain, 4.4 ϫ 10 8 Ϯ 3.2 ϫ 10 7 CFU/ml). Similar results were obtained using a plasmid carrying a different antibiotic resistance marker (data not shown). The differences in transformation were slightly smaller (10-to 15-fold) when the CaCl 2 concentration was increased to 10 or 50 mM. In contrast, deletion of sxy did not affect artificial plasmid transformation using electroporation or the classical RbCl 2 -plus-heat shock protocol (data not shown). We were unable to detect any transformation with chromosomal DNA using the protocol of Baur et al. ppdD) and b3395 (hofM) determined by qPCR when E. coli (E) or H. influenzae (H) sxy was expressed with the cognate crp. For qPCR data, each bar indicates the average of at least two independent biological replicates for each gene or group of genes. The error bars indicate the standard deviations from the means. The expression levels shown were adjusted for each RNA sample using 23S rRNA levels. Gene designations: b0913, ycaI; b3395 to b3391, hofMNOPQ; b2972, pppA; b4473, dprA.
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(iii) Sxy is required for competitive fitness. The competitive fitness of E. coli strains decreases when homologues of H. influenzae com genes are inactivated, because such strains are unable to use DNA as a sole source of carbon and energy (32) . Since Sxy regulates these genes in H. influenzae, we predicted that an E. coli strain lacking sxy would also compete poorly with the parent strain. Figure 6B shows that the survival of the sxy mutant was reduced when it was cocultured with the parent strain, but the mutant survived as well as the parent strain when each strain was cultivated separately. This is consistent with Sxy's role as a regulator of the com homologues identified by Palchevskiy and Finkel in E. coli (48) .
(iv) Expression of sxy does not reduce motility. Our microarray analysis showed that sxy expression downregulated the flagellar and chemotaxis operons. However, when motility was assessed on soft agar, cells expressing sxy from pEcsxy were as motile as cells carrying the no-insert control plasmid (Fig. 6C) . As expected, a negative control strain lacking the flagellar subunit FliC was nonmotile. qPCR showed low but significant expression of flhD, fliA, and fliC upon sxy induction (Fig. 6C) . This confirms that expression of the flagellar genes is reduced but not abolished by sxy expression and that residual expression is sufficient for flagellar function.
Regulation at CRP-S sites in E. coli compared with H. influenzae. Although the H. influenzae and E. coli Sxy proteins have only 24% sequence identity, the results presented above show that Sxy plays the same role in both species, acting with CRP to activate transcription at CRP-S sites. However, we do not know how Sxy does this in either system. To determine the degree of conservation of the Sxy-CRP-S systems in H. influenzae and E. coli and to shed light on Sxy's role at CRP-S sites, we evaluated the activity of both Sxy proteins in E. coli and compared the complete sets of experimentally validated CRP-S sites from both species.
(i) Ability of H. influenzae sxy to complement E. coli sxy. We used microarrays to compare E. coli cells expressing H. influenzae sxy with cells expressing E. coli sxy. If the two Sxy proteins have comparable activities, gene expression should be largely unchanged. Instead, H. influenzae Sxy had a weaker effect on the transcription of most TUs, giving a net negative signal for E. coli Sxy-induced TUs in the array (Fig. 2C) . Only 21 of the 64 TUs induced by E. coli sxy expression were comparably induced by H. influenzae Sxy. A similar but inverse effect was seen for the TUs that had been downregulated by E. coli Sxy.
Because H. influenzae Sxy only weakly induced most of the T4P biogenesis homologues, we examined its effect on pilin production. The two Sxy proteins induced the pilin-encoding TU ppdD-hofBC equally well, and the two strains produced equal amounts of PpdD pilin protein (Fig. 6A, lane 4) . However, unlike cells expressing E. coli sxy, cells expressing H. influenzae sxy had no more external pilin visible in electron micrographs than control cells (pHisxy, 55 Ϯ 7 particles per 10 m 2 ). This absence of surface pilin is consistent with the lack of induction of most genes required for T4P biogenesis by H. influenzae Sxy.
(ii) CRP-S motifs in E. coli and H. influenzae. The inability of H. influenzae Sxy to induce most of the genes regulated by E. coli Sxy may be due to differences in CRP-S site structure. The E. coli CRP-S motif identified by the arrays described above strongly resembles the previously characterized H. influenzae CRP-S motif in overrepresentation of the CRP binding bases G5, G7, A8, T15, and C18, the AT-rich sequence at positions 1 to 3 and 20 to 22, and the noncanonical bases at positions 6 and 17 (11) . However, the E. coli motif favors T rather than C at position 16 while retaining the strong G at position 7. This novel feature decreases the symmetry of these core sites, which is predicted to hinder binding of the CRP homodimer to DNA.
To further investigate a possible role for differences in CRP-S sites, we generated separate logos for the CRP-S sites that responded poorly to H. influenzae Sxy and for the CRP-S sites that responded similarly to the two Sxy proteins (see Fig.  S2 in the supplemental material). The only apparent difference between these logos was that sites efficiently induced by H. influenzae Sxy were more AT rich at their 3Ј ends and at reciprocal positions 4 and 19, features that are both predicted to facilitate CRP binding (17) .
(iii) Sxy requires its cognate CRP for full activity. Although Sxy and CRP are both required for activation of CRP-S pro- influenzae genes in all combinations. We then used qPCR to measure expression of ppdD, whose expression was induced equally well by the two Sxy proteins, and of hofM, whose expression was strongly induced only by E. coli Sxy (Fig. 4C) .
The control results (E. coli Sxy and CRP; H. influenzae Sxy and E. coli CRP) confirmed the results of the array analysis. However, the ability of H. influenzae Sxy to induce both ppdD and hofM was dramatically improved when the cognate CRP was present. Conversely, the ability of E. coli Sxy to induce these genes was dramatically reduced in the presence of H. influenzae CRP. This result provides the strongest evidence to date that transcriptional activation at CRP-S sites requires direct interaction between Sxy and CRP.
DISCUSSION
Our demonstration that E. coli has a functional CRP-S regulon like that of H. influenzae strengthens the hypothesis that CRP-S regulons are shared by all Pasteurellaceae and Enterobacteriaceae, as proposed by Cameron and Redfield (12) . Furthermore, the demonstration of partial cross-complementation shows that Sxy and CRP have similar functions in the two species. The differences in CRP-S motifs and the absence of full cross-complementation provide additional insights into the action of Sxy and CRP at CRP-S sites and suggest that both CRP and Sxy have evolved species-specific features. The CRP-N sites (canonical CRP binding sites) of H. influenzae and E. coli are very similar, and their CRPs are identical at the residues known to interact with DNA (11) . In contrast, their CRP-S motifs differ at two core positions and in flanking sequences (Fig. 3 ). These differences make the two halves of the E. coli CRP-S site core nonpalindromic. This asymmetry may affect CRP's ability to bind as a dimer or, since intimate contacts between CRP and Sxy appear to be needed for transcriptional activation at CRP-S sites, may create a need for Sxy to asymmetrically modulate CRP-DNA binding to one half-site. AT-rich regions upstream of H. influenzae CRP-S sites have been proposed as binding sites for Sxy, enabling it to assist in RNA polymerase recruitment, but such regions were absent from the E. coli motif (data not shown), so their role must be dispensable.
All H. influenzae CRP-S genes required for competence are also CRP-S regulated in E. coli. Although the function of these genes in competence remains to be demonstrated, this strongly suggests that E. coli can produce T4P and naturally transform and that both processes require Sxy. The toxicity resulting from sxy expression in this study may have prevented us from detecting these phenotypes. Expression of plasmid-borne sxy at a lower level was also unsuccessful (data not shown), strongly reinforcing the need to identify conditions that naturally induce sxy expression. Conserved homologues of sxy and of all competence gene homologues are found in most sequenced strains of E. coli. Given both the known sporadic distribution of natural competence among strains of competent bacteria (42, 67) and Sxy's demonstrated ability to induce expression of an apparently complete E. coli competence regulon, strains other than K-12 will be examined for natural competence.
Because our choice of strain may also explain our inability to naturally induce sxy, these strains will also be tested for sxy expression and induction. The discovery that some phenotypes depend on the chromosomal sxy gene indicates that basal expression of sxy and of the genes that it regulates has significant effects. Sxy may contribute to long-term survival only because Sxy induces genes allowing use of DNA as a nutrient (all but one of the genes implicated by Palchevskiy and Finkel are CRP-S regulated), but its contribution could also reflect contributions of other CRP-S-regulated genes. Although Sun et al. (69) found no contribution of individual competence gene homologues to plasmid DNA uptake, we found that Sxy contributes to plasmid transformation, most likely through its role as a regulator of these genes (46) . The protocols used in the two assays were very different, which may explain the contrasting results. In light of Sxy's induction of the predicted DNA uptake machin- 
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Sxy IN E. COLIery and its use in plasmid transformation, our failure to detect transformation with chromosomal DNA may be due to cytoplasmic DNA degradation or other blocks to recombination. Both H. influenzae and E. coli CRP-S regulons are clearly not strictly "competence regulons," as they contain genes for functions other than T4P biogenesis and DNA uptake (E. coli more so than H. influenzae). In H. influenzae competence is induced by depletion of nucleotide pools, consistent with the hypothesis that cells take up DNA mainly to obtain nucleotides (39, 56) . The presence in its CRP-S regulon of ssb and radC led Redfield et al. (56) to suggest that these and other noncompetence genes contribute to a second arm of the nucleotide starvation response by protecting and resolving stalled replication forks (8, 38) . Both of these genes are also CRP-S regulated in E. coli. From this perspective, the CRP-S sites of genes encoding toxin-antitoxin proteins are particularly interesting, as they have been proposed to "regulate the synthesis of macromolecules (i.e., proteins and DNA) at rates compatible with the external supply of nutrients" (24) . Further investigation of the functions of the induced genes should shed light on this hypothesis.
